All relevant data are within the paper.

Introduction {#sec001}
============

During the first meiotic division, a protein structure called the synaptonemal complex (SC) forms between the homologous chromosomes to facilitate the exchange of genetic material in a process known as recombination. Recombination is initiated with the formation of double strand breaks (DSBs) in the pre-leptotene stage of Prophase I, and completed during the pachytene stage where crossovers result \[[@pone.0156817.ref001]\]. The location of DSB formation, which DSBs are repaired as crossovers, and timing of DSB initiation can simultaneously affect the crossover landscape \[[@pone.0156817.ref002]\]. Other mechanisms thought to govern the distribution of DSBs include DNA and histone modifications as they alter the chromatin's accessibility to proteins involved in the process \[[@pone.0156817.ref002]\].

Many studies have reported reduced rates of recombination in infertile men, which is thought to contribute to incorrect chromosome segregation during meiosis, and the subsequent production of aneuploid sperm with an extra chromosome (disomy) or missing chromosome (nullisomy) \[[@pone.0156817.ref003]--[@pone.0156817.ref007]\]. Our previous study found an inverse correlation between the frequency of sex chromosome recombination and XY disomy in the sperm \[[@pone.0156817.ref006]\]. These results suggest that increased errors in recombination may explain the elevated levels of aneuploid sperm observed in infertile men \[[@pone.0156817.ref006],[@pone.0156817.ref008]\]. Aside from errors in the number of crossovers formed, studies on chiasma have suggested that infertile men may also display changes in crossover positions \[[@pone.0156817.ref009]--[@pone.0156817.ref012]\]. In a preliminary study, we used immunofluorescence techniques to directly visualize the distribution of crossovers on chromosomes 13, 18 and 21 in ten infertile men and five fertile men \[[@pone.0156817.ref005]\]. We reported two infertile men with normal crossover frequencies, but altered crossover distributions. Prior to our finding, only one infertile man was reported to possess a normal recombination rate, but altered crossover positions \[[@pone.0156817.ref011]\]. These limited studies suggest that infertile men may display altered crossover frequencies, crossover positions or both \[[@pone.0156817.ref005],[@pone.0156817.ref011]\].

Although mutations in meiosis-specific genes are implicated in a small percentage of male infertility, the mechanism behind meiotic errors remain largely elusive \[[@pone.0156817.ref013]\]. A structure observed to be compromised in infertile men is the ribonucleoprotein cap of chromosome ends, known as the telomere \[[@pone.0156817.ref014]\]. Telomeres promote synapsis by forming a bouquet where they cluster and attach to the inner nuclear envelope \[[@pone.0156817.ref015]--[@pone.0156817.ref017]\]. Failed telomere attachment may result in perturbed DSB repair and meiotic cell arrest \[[@pone.0156817.ref018],[@pone.0156817.ref019]\]. Although mice with compromised telomeres have been associated with impaired synapsis, recombination, and increased sperm aneuploidy rates \[[@pone.0156817.ref020]--[@pone.0156817.ref025]\], whether defective telomeres affect the crossover position is yet to be investigated. In normal males, an inhibition of crossovers near centromeres and the vicinity of telomeres have been observed \[[@pone.0156817.ref026],[@pone.0156817.ref027]\], which is thought to drive proper chromosome segregation \[[@pone.0156817.ref028],[@pone.0156817.ref029]\]. Studies have also indicated a high frequency of crossovers near subtelomeres \[[@pone.0156817.ref005],[@pone.0156817.ref012],[@pone.0156817.ref030]\]. In our preliminary work, two infertile men with altered crossover distributions showed increased crossover formation near centromeres, and decreased crossovers near subtelomeres \[[@pone.0156817.ref005]\]. In this study, we aimed to further investigate whether this population displays a trend of crossovers shifting toward the centromere. To achieve our aims, we analyzed the frequency and distribution of crossovers, as well as the distance from crossovers to telomeres on chromosomes 13, 18 and 21 in a large sample size (n = 65). Our findings may shed light on the consequences of altered crossover positions on spermatogenic arrest, and thus infertility, as well as increased incidences of sperm aneuploidy in infertile men.

Materials and Methods {#sec002}
=====================

Patient and tissue collection {#sec003}
-----------------------------

Testicular tissue was collected from 37 infertile men seeking fertility treatment and 28 proven fertile men undergoing vasectomy reversals. Fertile men whose vasectomy lasted more than ten years were excluded from the study. Although fertile men whose reproductive tract have not been altered would make ideal controls, it is very unlikely to receive testicular tissue from this cohort. All men had normal 46,XY karyotypes, no microdeletions on the Y chromosome, and no cystic fibrosis transmembrane conductance regulator (CFTR) mutations. Sixteen of the infertile men were classified as non-obstructive azoospermia (NOA), and diagnosed with either hypospermatogenesis or maturation arrest. The other 21 men were classified as obstructive azoospermia (OA), where the pathological diagnosis showed normal spermatogenesis despite having no sperm in the semen. Synaptic defects, crossover frequencies and crossover distributions for five fertile men, and nine infertile men (Tables [1](#pone.0156817.t001){ref-type="table"} and [2](#pone.0156817.t002){ref-type="table"}) were previously reported \[[@pone.0156817.ref005]\].

10.1371/journal.pone.0156817.t001

###### Analysis of recombination and synaptic errors in control and NOA men.

![](pone.0156817.t001){#pone.0156817.t001g}

                                                   Number of cells   Mean rate (± SD) of genome-wide recombination                      Proportion of cells with unsynapsed regions (%)
  ------------------------------------------------ ----------------- ------------------------------------------------------------------ ----------------------------------------------------
  **Control men (*n* = 28)**                                                                                                            
  Mean (95% CI)                                    1958              48.5 (47.6--49.4)                                                  2.6 (1.5--3.8)
  **Non-obstructive azoospermic men (*n* = 16)**                                                                                        
  NOA4                                             113               48.9 ± 3.5                                                         0
  NOA5                                             99                50.2 ± 5.3                                                         0
  NOA10[\*](#t001fn005){ref-type="table-fn"}       51                **42.0 ± 4.7**[^**a**^](#t001fn001){ref-type="table-fn"}           **11.8**[^**c**^](#t001fn004){ref-type="table-fn"}
  NOA13[\*](#t001fn005){ref-type="table-fn"}       100               **34.0 ± 3.0**[^**a**^](#t001fn001){ref-type="table-fn"}           **14.0**[^**c**^](#t001fn004){ref-type="table-fn"}
  NOA15[\*](#t001fn005){ref-type="table-fn"}       61                **45.2 ± 3.5**[^**a**^](#t001fn001){ref-type="table-fn"}           1.6
  NOA16[\*](#t001fn005){ref-type="table-fn"}       53                **41.7 ± 4.0**[^**a**^](#t001fn001){ref-type="table-fn"}           1.9
  NOA18[\*](#t001fn005){ref-type="table-fn"}       100               49.9 ± 4.6                                                         **14.0**[^**c**^](#t001fn004){ref-type="table-fn"}
  NOA21                                            33                49.1 ± 3.8                                                         **6.9**[^**c**^](#t001fn004){ref-type="table-fn"}
  NOA22                                            100               48.8 ± 3.4                                                         0
  NOA23                                            100               **46.1 ± 3.1**[^**b**^](#t001fn002){ref-type="table-fn"}           **4.0**[^**c**^](#t001fn004){ref-type="table-fn"}
  NOA24                                            53                **46.4** **±** **3.4**[^**b**^](#t001fn002){ref-type="table-fn"}   0
  NOA25                                            35                **41.4** **±** **3.7**[^**a**^](#t001fn001){ref-type="table-fn"}   3.3
  NOA26                                            100               53.8 ± 5.7                                                         2.0
  NOA27                                            86                52.1 ± 3.9                                                         1.1
  NOA28                                            101               46.6 ± 6.6                                                         3.0
  NOA29                                            45                **40.9** **±** **3.5**[^**a**^](#t001fn001){ref-type="table-fn"}   **7.1**[^**c**^](#t001fn004){ref-type="table-fn"}
  Mean (95% CI)                                                      46.2 (43.8--48.6)                                                  5.0 (2.46--7.5)

^a^P \< 0.001

^b^P \< 0.05

recombination significantly reduced when compared with controls, Mann-Whitney Test.

^c^Proportions of cell with unsynapsed regions were considered significantly different from controls if they were beyond the 95% CI of the control group

\*Previously reported by Ferguson et al. (2009)

10.1371/journal.pone.0156817.t002

###### Analysis of recombination and synaptic errors in control and OA men.

![](pone.0156817.t002){#pone.0156817.t002g}

                                               Number of cells   Mean rate (± SD) of genome-wide recombination                      Proportion of cells with unsynapsed regions (%)
  -------------------------------------------- ----------------- ------------------------------------------------------------------ ----------------------------------------------------
  **Control men (*n* = 28)**                                                                                                        
  Mean (95% CI)                                1958              48.5 (47.6--49.5)                                                  2.6 (1.5--3.8)
  **Obstructive azoospermic men (*n* = 21)**                                                                                        
  OA6                                          52                48.2 ± 3.7                                                         0
  OA7[\*](#t002fn004){ref-type="table-fn"}     100               47.6 ± 4.5                                                         3.0
  OA9[\*](#t002fn004){ref-type="table-fn"}     100               47.4 ± 4.5                                                         **26.0**[^**c**^](#t002fn003){ref-type="table-fn"}
  OA11[\*](#t002fn004){ref-type="table-fn"}    73                **46.5 ± 3.8**[^**b**^](#t002fn002){ref-type="table-fn"}           **8.2**[^**c**^](#t002fn003){ref-type="table-fn"}
  OA14[\*](#t002fn004){ref-type="table-fn"}    100               **42.1 ± 4.7**[^**a**^](#t002fn001){ref-type="table-fn"}           3.0
  OA19                                         100               53.2 ± 4.2                                                         **19.0**[^**c**^](#t002fn003){ref-type="table-fn"}
  OA20                                         100               48.8 ± 3.9                                                         3.0
  OA21                                         113               47.4 ± 4.4                                                         0.9
  OA22                                         63                51.0 ± 5.6                                                         **15.9**[^**c**^](#t002fn003){ref-type="table-fn"}
  OA24                                         75                50.1 ± 4.8                                                         **20.8**[^**c**^](#t002fn003){ref-type="table-fn"}
  OA25                                         53                54.9 + 4.4                                                         1.0
  OA26                                         28                46.0 ± 4.7                                                         0
  OA27                                         32                46.8 ± 7.1                                                         3.1
  OA28                                         58                50.8 ± 3.5                                                         **10.3**[^**c**^](#t002fn003){ref-type="table-fn"}
  OA29                                         40                **42.5** **±** **3.1**[^**a**^](#t002fn001){ref-type="table-fn"}   3.0
  OA30                                         41                47.0 ± 4.5                                                         3.3
  OA31                                         39                **43.0** **±** **3.2**[^**a**^](#t002fn001){ref-type="table-fn"}   **8.2**[^**c**^](#t002fn003){ref-type="table-fn"}
  OA32                                         42                48.5 ± 4.9                                                         2.4
  OA33                                         45                50.5 ± 6.1                                                         2.1
  OA34                                         41                **46.2** **±** **4.2**[^**b**^](#t002fn002){ref-type="table-fn"}   **5.2**[^**c**^](#t002fn003){ref-type="table-fn"}
  OA35                                         99                50.7 ± 6.2                                                         3.0
  Mean (95% CI)                                                  48.0 (46.6--49.4)                                                  6.7 (3.5--9.9)

^a^P \< 0.001

^b^P \< 0.05, recombination significantly reduced when compared with controls, Mann-Whitney Test.

^c^Proportions of cell with unsynapsed regions were considered significantly different from controls if they were beyond the 95% CI of the control group

\*Previously reported by Ferguson et al. (2009)

Meiotic analyses {#sec004}
----------------

Testicular tissue was processed according to a previously described protocol \[[@pone.0156817.ref004]\]. Spermatocytes were immunostained with antibodies against SYCP3/SYCP1, MLH1 and CREST antisera in order to visualize the SC, crossover sites and centromeres respectively. Immunostained spermatocytes were examined using a Zeiss Axioplan epifluorescent microscope equipped with the appropriate filters. Cytovision V2.81 Image Analysis software (Applied Imaging International, San Jose, CA, USA) was used to capture the SYCP3/SYCP1, MLH1 and CREST signals on the pachytene spermatocytes ([Fig 1A](#pone.0156817.g001){ref-type="fig"}). The number of MLH1 foci per cell, frequency of synaptic errors, and cell coordinates were recorded.

![Immunofluorescence and FISH analysis of pachytene spermatocytes.\
(A) Spermatocytes were immunostained using antibodies against SYCP3/SYCP1, MLH1 and CREST to visualize the SC (red), crossover sites (green) and centromeres (blue). A spermatocyte with 45 crossovers from patient OA20 is shown. Although patient OA20 displayed normal rates of recombination, the crossover distribution on chromosome 18 was altered. We observed an increase in crossovers near the centromere and telomere on 18q and 18p, respectively. (B) Subsequent FISH was performed to identify chromosomes 13 (green, LSI 13), 18 (blue, CEP 18) and 21 (red, LSI 21) in the previously immunostained spermatocytes. (C) A spermatocyte from patient OA19 is shown. Although the patient showed normal rates of recombination, we observed an increased rate of synaptic errors compared to controls ([Table 1](#pone.0156817.t001){ref-type="table"}). The unsynapsed region along a bivalent is indicated by the white arrow, where there is an absence of staining for SYCP3/SYCP1.](pone.0156817.g001){#pone.0156817.g001}

As the most common types of autosomal trisomy in live births are trisomy 21, 18 and 13, we chose to study the meiotic patterns and sperm aneuploidy of these specific chromosomes in the infertile men and controls. We are curious as to whether abnormal meiotic behaviors may lead to an increased risk of sperm aneuploidy for these chromosomes in certain sub-groups of infertile men. To study this pattern, FISH was performed on the previously immunostained slide according to the methods reported by Ma *et al*. \[[@pone.0156817.ref004]\]. A probe mixture of LSI 13 (green), CEP 18 (aqua) and LSI 21 (red) (Vysis Inc., Downers Grove, IL, USA) was used to identify chromosomes 13, 18 and 21 ([Fig 1B](#pone.0156817.g001){ref-type="fig"}). The crossover distribution, represented by the distribution of MLH1 foci, and SC lengths were measured using the image analysis software Micromeasure V3.3, available at: [sites.biology.colostate.edu/MicroMeasure/](http://www.biology.colostate.edu/MicroMeasure/) \[[@pone.0156817.ref031]\]. The SC arms of the chromosomes 13, 18 and 21 were divided into 10% intervals, with the centromeres at 0% and telomeres at 100% ([Fig 2](#pone.0156817.g002){ref-type="fig"}). The frequency of MLH1 foci in each interval was calculated ([Fig 2](#pone.0156817.g002){ref-type="fig"}). As the number of crossovers along a chromosome significantly influences their distribution \[[@pone.0156817.ref005]\], we separately analyzed the crossover distributions on chromosome 13 and 18 bivalents with single and double crossovers ([Fig 2](#pone.0156817.g002){ref-type="fig"}). The absolute distance between crossovers and telomeres was measured for each arm of chromosomes 13, 18 and 21, and then divided by the length of the SC arm in order to express the distance as a percentage.

![Diagram depicting meiotic crossovers in regions along a chromosome.\
The p and q arms of the chromosome are divided into 10% intervals, with the centromere (C) at 0%, and telomeres at 100%. The subtelomere is shaded in the 80--100% intervals. The pericentromere, the region surrounding the centromere is shaded in the 10--30% intervals. This region attracts high levels of cohesin which are protein complexes that hold sister chromatids together until they separate during meiosis. Crossover formation in each region of the chromosome, and the resulting recombinant chromosomes are illustrated: a) a single crossover near the telomere on the p-arm; b) a single crossover near the centromere on the q-arm; c) a single crossover near the telomere on the q-arm; d) double crossovers on the q-arm.](pone.0156817.g002){#pone.0156817.g002}

Statistical analyses {#sec005}
--------------------

The Mann-Whitney test was used to compare the mean rate of genome-wide recombination between individual infertile men and the control group. The frequency of synaptic errors in the infertile men were considered significantly different if they were beyond the 95% confidence interval of the control group. The χ^2^ test with two degrees of freedom was used to compare the frequencies of crossovers on chromosomes 13 and 18, while a χ^2^ test with one degree of freedom was used to compare the crossover frequencies on chromosome 21 between individual infertile men and the control group. We used a χ^2^ test with 243 degrees of freedom to compare the crossover distribution within the control group and found no significant differences for any of the chromosome arms studied. Thus, the control men were pooled and a χ^2^ test with nine degrees of freedom was used to compare the crossover distribution between individual infertile men and the control group, as well as between the NOA/OA group and control group. The Fisher test was used to compare the crossover frequencies in each 10% interval between individual infertile men and the control group, as well as between the NOA/OA group and control group. The Mann-Whitney test was used to compare the average crossover distance to telomeres between the NOA/OA group and the control group. P \< 0.05 was considered statistically significant. Written informed consent from patients, and ethical approval from the University of British Columbia Ethics Committee were obtained before initiating this study.

Results {#sec006}
=======

Frequency of crossovers and synaptic errors {#sec007}
-------------------------------------------

Eight of the 16 NOA men and five of the 21 OA men in this study displayed a reduced genome-wide recombination rate compared to controls (Tables [1](#pone.0156817.t001){ref-type="table"} and [2](#pone.0156817.t002){ref-type="table"}). One of the NOA men showed altered crossover frequencies on chromosome 18, two men showed alterations on chromosome 21, and five men showed alterations on more than one chromosomes studied ([Table 3](#pone.0156817.t003){ref-type="table"}). In the OA population, three men displayed altered crossover frequencies on chromosome 18, four men displayed alterations on chromosome 21, and two men showed alterations on more than one chromosomes studied ([Table 4](#pone.0156817.t004){ref-type="table"}). With regards to homologous chromosome synapsis, although some spermatocytes in the control men showed synaptic errors, these defects were significantly more frequent in the spermatocytes of infertile men. In fact, six NOA and eight OA men showed an increased frequency of synaptic errors compared to controls (Tables [1](#pone.0156817.t001){ref-type="table"} and [2](#pone.0156817.t002){ref-type="table"}). A representative spermatocyte from patient OA19 with a synaptic defect in the form of a gap on a bivalent is shown in [Fig 1C](#pone.0156817.g001){ref-type="fig"}.

10.1371/journal.pone.0156817.t003

###### Analysis of crossover frequencies on chromosome 13, 18 and 21 in control and NOA men.

![](pone.0156817.t003){#pone.0156817.t003g}

                                                          Chromosome 13                                            Chromosome 18                                               Chromosome 21                                                                                                                                                                                                                                                                                                                                                     
  ------------------------------------------------ ------ -------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------------- -------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------- ------------------------------------------------------
  **Control men (*n* = 28)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  Total                                            1740   0.4% (7)                                                 11.4% (198)                                                 88.2% (1535)                                                0.1% (2)                                                 25.0% (435)                                                 74.9% (1303)                                                0.5% (9)                                                  99.2% (1726)                                               0.3% (5)
  **Non-obstructive azoospermic men (*n* = 16)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  NOA4                                             100    0% (0)                                                   19.0% (19)                                                  81.0% (81)                                                  0% (0)                                                   32.0% (32)                                                  68.0% (68)                                                  0% (0)                                                    100% (100)                                                 0% (0)
  NOA5                                             90     0% (0)                                                   15.6% (14)                                                  84.4% (76)                                                  0% (0)                                                   14.4% (13)                                                  85.6% (77)                                                  0% (0)                                                    100% (90)                                                  0% (0)
  NOA10                                            45     **0% (0)**[^**b**^](#t003fn002){ref-type="table-fn"}     **31.0% (14)**[^**b**^](#t003fn002){ref-type="table-fn"}    **69.0% (31)**[^**b**^](#t003fn002){ref-type="table-fn"}    **2% (1)**[^**b**^](#t003fn002){ref-type="table-fn"}     **38% (17)**[^**b**^](#t003fn002){ref-type="table-fn"}      **60% (27)**[^**b**^](#t003fn002){ref-type="table-fn"}      **4.4% (2)**[^**b**^](#t003fn002){ref-type="table-fn"}    **95.6% (43)**[^**b**^](#t003fn002){ref-type="table-fn"}   **0% (0)**[^**b**^](#t003fn002){ref-type="table-fn"}
  NOA13                                            92     **3.3% (3)**[^**a**^](#t003fn001){ref-type="table-fn"}   **84.4% (79)**[^**a**^](#t003fn001){ref-type="table-fn"}    **12.0% (11)**[^**a**^](#t003fn001){ref-type="table-fn"}    **1.1% (1)**[^**a**^](#t003fn001){ref-type="table-fn"}   **91.2% (84)**[^**a**^](#t003fn001){ref-type="table-fn"}    **7.6% (7)**[^**a**^](#t003fn001){ref-type="table-fn"}      **4.3% (4)**[^**b**^](#t003fn002){ref-type="table-fn"}    **95.7% (88)**[^**b**^](#t003fn002){ref-type="table-fn"}   **0% (0)**[^**b**^](#t003fn002){ref-type="table-fn"}
  NOA15                                            39     0% (0)                                                   20.5% (8)                                                   79.5% (31)                                                  0% (0)                                                   38.5% (15)                                                  61.5% (24)                                                  **5.1% (2)**[^**b**^](#t003fn002){ref-type="table-fn"}    **94.9% (37)**[^**b**^](#t003fn002){ref-type="table-fn"}   **0% (0)**[^**b**^](#t003fn002){ref-type="table-fn"}
  NOA16                                            26     **0% (0)**[^**a**^](#t003fn001){ref-type="table-fn"}     **65.4% (17)**[^**a**^](#t003fn001){ref-type="table-fn"}    **30.8% (8)**[^**a**^](#t003fn001){ref-type="table-fn"}     **0% (0)**[^**c**^](#t003fn003){ref-type="table-fn"}     **46.2% (12)**[^**c**^](#t003fn003){ref-type="table-fn"}    **53.8% (14)**[^**c**^](#t003fn003){ref-type="table-fn"}    0% (0)                                                    100% (26)                                                  0% (0)
  NOA18                                            88     0% (0)                                                   6.8% (6)                                                    93.2% (82)                                                  0% (0)                                                   29.5% (26)                                                  70.5% (62)                                                  0% (0)                                                    100% (88)                                                  0% (0)
  NOA21                                            30     0% (0)                                                   16.7% (5)                                                   83.3% (25)                                                  0% (0)                                                   33.3% (10)                                                  66.7% (20)                                                  3.3% (1)                                                  96.7% (29)                                                 0% (0)
  NOA22                                            90     0% (0)                                                   8.9% (8)                                                    91.1% (82)                                                  1.1% (1)                                                 26.7% (24)                                                  72.2% (65)                                                  1.1% (1)                                                  98.9% (89)                                                 0% (0)
  NOA23                                            92     0% (0)                                                   10.9% (10)                                                  89.1% (82)                                                  **2.2% (2)**[^**a**^](#t003fn001){ref-type="table-fn"}   **85.9% (79)**[^**a**^](#t003fn001){ref-type="table-fn"}    **12.0% (11)**[^**a**^](#t003fn001){ref-type="table-fn"}    2.2% (2)                                                  97.8% (90)                                                 0% (0)
  NOA24                                            50     0% (0)                                                   20.0% (10)                                                  80.0% (40)                                                  0% (0)                                                   18.0% (9)                                                   82.0% (41)                                                  **14.0% (7)**[^**b**^](#t003fn002){ref-type="table-fn"}   **86.0% (43)**[^**b**^](#t003fn002){ref-type="table-fn"}   **0% (0)**[^**b**^](#t003fn002){ref-type="table-fn"}
  NOA25                                            30     **0% (0)**[^**a**^](#t003fn001){ref-type="table-fn"}     **83.3% (25)**[^**a**^](#t003fn001){ref-type="table-fn"}    **16.7% (5)**[^**a**^](#t003fn001){ref-type="table-fn"}     **0% (0)**[^**b**^](#t003fn002){ref-type="table-fn"}     **60.0% (18)**[^**a**^](#t003fn001){ref-type="table-fn"}    **40.0% (12)**[^**b**^](#t003fn002){ref-type="table-fn"}    **6.7% (2)**[^**b**^](#t003fn002){ref-type="table-fn"}    **93.3% (28)**[^**b**^](#t003fn002){ref-type="table-fn"}   **0% (0)**[^**b**^](#t003fn002){ref-type="table-fn"}
  NOA26                                            88     0% (0)                                                   8.0% (7)                                                    92.0% (81)                                                  0% (0)                                                   10.2% (9)                                                   89.8% (79)                                                  0% (0)                                                    100% (88)                                                  0% (0)
  NOA27                                            57     0% (0)                                                   5.3% (3)                                                    94.7% (54)                                                  0% (0)                                                   19.3% (11)                                                  80.7% (46)                                                  0% (0)                                                    100% (57)                                                  0% (0)
  NOA28                                            95     0% (0)                                                   10.5% (10)                                                  89.5% (85)                                                  0% (0)                                                   16.8% (16)                                                  83.1% (79)                                                  0% (0)                                                    100% (95)                                                  0% (0)
  NOA29                                            40     **2.5% (1)**[^**a**^](#t003fn001){ref-type="table-fn"}   **72.5% (33)**[^**a**^](#t003fn001){ref-type="table-fn"}    **15.0% (6)**[^**a**^](#t003fn001){ref-type="table-fn"}     **0% (0)**[^**b**^](#t003fn002){ref-type="table-fn"}     **57.5% (23)**[^**b**^](#t003fn002){ref-type="table-fn"}    **42.5% (17)**[^**b**^](#t003fn002){ref-type="table-fn"}    **5.0% (2)**[^**b**^](#t003fn002){ref-type="table-fn"}    **95.0% (38)**[^**b**^](#t003fn002){ref-type="table-fn"}   **0% (0)**[^**b**^](#t003fn002){ref-type="table-fn"}
  Total                                            1052   **0.4% (4)**[^**b**^](#t003fn002){ref-type="table-fn"}   **25.5% (268)**[^**b**^](#t003fn002){ref-type="table-fn"}   **74.1% (780)**[^**b**^](#t003fn002){ref-type="table-fn"}   **0.5% (5)**[^**b**^](#t003fn002){ref-type="table-fn"}   **37.8% (398)**[^**b**^](#t003fn002){ref-type="table-fn"}   **61.7% (649)**[^**b**^](#t003fn002){ref-type="table-fn"}   2.2% (23)                                                 97.8% (1029)                                               0% (0)

^a^P \< 0.0001, χ^2^ test with two degrees of freedom

^b^P \< 0.01, χ^2^ test with two degrees of freedom

^c^P \< 0.05, χ^2^ test with two degrees of freedom

10.1371/journal.pone.0156817.t004

###### Analysis of crossover frequencies on chromosome 13, 18 and 21 in control and OA men.

![](pone.0156817.t004){#pone.0156817.t004g}

                                                      Chromosome 13                                          Chromosome 18                                              Chromosome 21                                                                                                                                                                                                                                                                                                                                                
  -------------------------------------------- ------ ------------------------------------------------------ ---------------------------------------------------------- ---------------------------------------------------------- ------------------------------------------------------ ---------------------------------------------------------- ---------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------
  **Control men (*n* = 28)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Total                                        1740   0.4% (7)                                               11.4% (198)                                                88.2% (1535)                                               0.1% (2)                                               25.0% (435)                                                74.9% (1303)                                               0.5% (9)                                                  99.2% (1726)                                               0.3% (5)
  **Obstructive azoospermic men (*n* = 21)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  OA6                                          52     0% (0)                                                 17.3% (9)                                                  82.7% (43)                                                 0% (0)                                                 25.0% (13)                                                 75.0% (39)                                                 1.9% (1)                                                  98.1% (51)                                                 0% (0)
  OA7                                          97     0% (0)                                                 17.5% (17)                                                 82.5% (80)                                                 0% (0)                                                 33.0% (32)                                                 67.0% (65)                                                 0% (0)                                                    100% (97)                                                  0% (0)
  OA9                                          66     0% (0)                                                 12.1% (10)                                                 84.8% (56)                                                 1.6% (1)                                               18.2% (12)                                                 77.3% (53)                                                 0% (0)                                                    100% (66)                                                  0% (0)
  OA11                                         66     0% (0)                                                 19.7% (13)                                                 80.3% (53)                                                 1.5% (1)                                               24.2% (16)                                                 74.2% (49)                                                 1.5% (1)                                                  98.5% (65)                                                 0% (0)
  OA14                                         47     0% (0)                                                 23.4% (11)                                                 76.5% (36)                                                 **0% (0)**[^**b**^](#t004fn002){ref-type="table-fn"}   **44.7% (21)**[^**b**^](#t004fn002){ref-type="table-fn"}   **55.3% (26)**[^**b**^](#t004fn002){ref-type="table-fn"}   2.1% (1)                                                  97.9% (46)                                                 0% (0)
  OA19                                         62     0% (0)                                                 8.06% (5)                                                  91.9% (57)                                                 0% (0)                                                 17.7% (11)                                                 82.3% (51)                                                 **0% (0)**[^**a**^](#t004fn001){ref-type="table-fn"}      **91.9% (57)**[^**a**^](#t004fn001){ref-type="table-fn"}   **8.06% (5)**[^**a**^](#t004fn001){ref-type="table-fn"}
  OA20                                         56     0% (0)                                                 5.4% (3)                                                   94.6% (53)                                                 0% (0)                                                 26.8% (15)                                                 73.2% (41)                                                 **8.9% (5)**[^**a**^](#t004fn001){ref-type="table-fn"}    **89.3% (50)**[^**a**^](#t004fn001){ref-type="table-fn"}   **1.8% (1)**[^**a**^](#t004fn001){ref-type="table-fn"}
  OA21                                         99     0% (0)                                                 20.2% (20)                                                 79.8% (79)                                                 **0% (0)**[^**b**^](#t004fn002){ref-type="table-fn"}   **44.9% (44)**[^**b**^](#t004fn002){ref-type="table-fn"}   **55.1% (55)**[^**b**^](#t004fn002){ref-type="table-fn"}   2.0% (2)                                                  98.0% (97)                                                 0% (0)
  OA22                                         45     0% (0)                                                 15.6% (7)                                                  84.4% (38)                                                 0% (0)                                                 22.2% (10)                                                 77.8% (35)                                                 0% (0)                                                    100% (45)                                                  0% (0)
  OA24                                         55     0% (0)                                                 16.4% (9)                                                  83.6% (46)                                                 0% (0)                                                 16.4% (9)                                                  83.6% (46)                                                 0% (0)                                                    100% (55)                                                  0% (0)
  OA25                                         50     0% (0)                                                 18.0% (9)                                                  82.0% (41)                                                 0% (0)                                                 22.0% (11)                                                 78.0% (39)                                                 0% (0)                                                    100% (50)                                                  0% (0)
  OA26                                         20     0% (0)                                                 10.0% (2)                                                  90.0% (18)                                                 **0% (0)**[^**c**^](#t004fn003){ref-type="table-fn"}   **45.0% (9)**[^**c**^](#t004fn003){ref-type="table-fn"}    **55.0% (11)**[^**c**^](#t004fn003){ref-type="table-fn"}   **15.0% (3)**[^**a**^](#t004fn001){ref-type="table-fn"}   **85.0% (17)**[^**a**^](#t004fn001){ref-type="table-fn"}   **0% (0)**[^**a**^](#t004fn001){ref-type="table-fn"}
  OA27                                         29     3.4% (1)                                               13.7% (4)                                                  82.7% (24)                                                 0% (0)                                                 24.1% (7)                                                  75.9% (22)                                                 **10.3% (3)**[^**a**^](#t004fn001){ref-type="table-fn"}   **86.2% (25)**[^**a**^](#t004fn001){ref-type="table-fn"}   **3.4% (1)**[^**a**^](#t004fn001){ref-type="table-fn"}
  OA28                                         49     0% (0)                                                 8.2% (4)                                                   91.8% (45)                                                 0% (0)                                                 18.4% (9)                                                  81.6% (40)                                                 0% (0)                                                    100% (49)                                                  0% (0)
  OA29                                         35     0% (0)                                                 8.6% (3)                                                   91.4% (32)                                                 0% (0)                                                 28.5% (10)                                                 71.4% (25)                                                 0% (0)                                                    100% (35)                                                  0% (0)
  OA30                                         40     0% (0)                                                 5.0% (2)                                                   95.0% (38)                                                 0% (0)                                                 15.0% (6)                                                  85.0% (34)                                                 2.5% (1)                                                  97.5% (39)                                                 0% (0)
  OA31                                         35     0% (0)                                                 14.3% (5)                                                  85.7% (30)                                                 **0% (0)**[^**b**^](#t004fn002){ref-type="table-fn"}   **51.4% (18)**[^**b**^](#t004fn002){ref-type="table-fn"}   **48.5% (17)**[^**b**^](#t004fn002){ref-type="table-fn"}   2.9% (1)                                                  97.1% (34)                                                 0% (0)
  OA32                                         40     0% (0)                                                 25.0% (10)                                                 75.5% (30)                                                 0% (0)                                                 20.0% (8)                                                  80.0% (32)                                                 2.5% (1)                                                  97.5% (39)                                                 0% (0)
  OA33                                         43     0% (0)                                                 14.0% (6)                                                  86.0% (37)                                                 0% (0)                                                 25.6% (11)                                                 74.4% (32)                                                 **14.0% (6)**[^**a**^](#t004fn001){ref-type="table-fn"}   **86.0% (37)**[^**a**^](#t004fn001){ref-type="table-fn"}   **0% (0)**[^**a**^](#t004fn001){ref-type="table-fn"}
  OA34                                         41     **0% (0)**[^**b**^](#t004fn002){ref-type="table-fn"}   **31.7% (13)**[^**b**^](#t004fn002){ref-type="table-fn"}   **68.3% (28)**[^**b**^](#t004fn002){ref-type="table-fn"}   **0% (0)**[^**b**^](#t004fn002){ref-type="table-fn"}   **19.5% (8)**[^**b**^](#t004fn002){ref-type="table-fn"}    **80.5% (33)**[^**b**^](#t004fn002){ref-type="table-fn"}   **0% (0)**[^**b**^](#t004fn002){ref-type="table-fn"}      **95.1% (39)**[^**b**^](#t004fn002){ref-type="table-fn"}   **4.9% (2)**[^**b**^](#t004fn002){ref-type="table-fn"}
  OA35                                         67     0% (0)                                                 10.45% (7)                                                 89.6% (60)                                                 0% (0)                                                 11.9% (8)                                                  88.1% (59)                                                 1.5% (1)                                                  98.5% (66)                                                 0% (0)
  **Total**                                    1094   0.01% (1)                                              13.6% (149)                                                86.3% (944)                                                0.2% (2)                                               26.3% (288)                                                73.5% (804)                                                1.9% (21)                                                 97.3% (1064)                                               0.8% (9)

^a^P \< 0.0001, χ^2^ test with two degrees of freedom

^b^P \< 0.01, χ^2^ test with two degrees of freedom

^c^P \< 0.05, χ^2^ test with two degrees of freedom

Distribution of crossovers in fertile men {#sec008}
-----------------------------------------

In the control population, single crossovers on chromosome 21q were most frequently located near subtelomeres, at relative distances to the centromere of 70--90% (denoted as intervals) as shown in [Fig 3A](#pone.0156817.g003){ref-type="fig"}. Similarly, double crossovers were most commonly found near subtelomeres on chromosome 18, where crossover frequency was highest at the 60--80% intervals on 18p, and 80--90% intervals on 18q ([Fig 3B](#pone.0156817.g003){ref-type="fig"}). Furthermore, crossover frequencies were low (\< 5.0%) near the centromere on both arms of chromosome 18, as well as near the vicinity of the telomere on 18p ([Fig 3B](#pone.0156817.g003){ref-type="fig"}). In contrast, the pattern of crossover distribution was different on 13q, where crossovers were frequently located near the centromere and telomere ([Fig 4D](#pone.0156817.g004){ref-type="fig"}). In fact, crossover frequency was lowest (\<5.0%) around the middle of 13q, at the 50--70% intervals ([Fig 4D](#pone.0156817.g004){ref-type="fig"}).

![Chromosomes 21 and 18 displaying altered crossover distributions in NOA men.\
Chromosome arms were divided into 10% intervals, and the crossover frequency in each interval was calculated. The Y-axis represents the frequency of crossovers in each interval. The X-axis represents the relative crossover position from the centromere with the values representing the upper limit of each interval. The centromere is labeled 'C' with the p-arm to the left and q-arm to the right. As crossovers in the p-arm of chromosome 21 are extremely rare, the p-arm is not shown. The black bars indicate the control group and the white bars indicate the individual NOA man. The crossover frequencies in each interval were compared to the control group and significant differences are indicated by asterisks (P \< 0.05, Fisher test).](pone.0156817.g003){#pone.0156817.g003}

![Chromosomes 21, 13 and 18 displaying altered crossover distributions in OA men.\
The Y-axis represents the frequency of crossovers in each interval. The X-axis represents the relative crossover position from the centromere with the values representing the upper limit of each interval. As crossovers in the p-arm of chromosomes 13 and 21 are extremely rare, the p-arms are not shown. The black bars indicate the control group and the white bars indicate the individual OA man (A-I) and pooled OA group (J). The crossover frequencies in each interval were compared to the control group and significant differences are indicated by asterisks (P \< 0.05, Fisher test).](pone.0156817.g004){#pone.0156817.g004}

Distribution of crossovers in NOA men {#sec009}
-------------------------------------

Compared to the control group, seven of the 16 NOA men displayed altered crossover distributions on at least one of the chromosome arms studied (P \< 0.05, χ^2^ test, [Fig 3](#pone.0156817.g003){ref-type="fig"}). NOA24 displayed an altered crossover distribution on 21q with single crossovers, where there was an increase in crossovers near the middle of 21q (50% interval), and decrease in crossovers at the subtelomere ([Fig 3A](#pone.0156817.g003){ref-type="fig"}). In terms of chromosome 13, none of the NOA men showed an altered crossover distribution compared to controls (P \> 0.05, χ^2^ test).

Six NOA men displayed altered crossover distributions on chromosome 18 with double crossovers compared to controls ([Fig 3B--3G](#pone.0156817.g003){ref-type="fig"}). NOA18 showed an increase in crossovers near the centromere and subtelomere ([Fig 3B](#pone.0156817.g003){ref-type="fig"}), while two men exhibited an increase in crossovers near the vicinity of the telomeres, at the 90--100% intervals ([Fig 3D and 3E](#pone.0156817.g003){ref-type="fig"}). In contrast, two NOA men showed a decrease in crossovers near subtelomeres ([Fig 3F and 3G](#pone.0156817.g003){ref-type="fig"}). NOA23 displayed an increase in crossovers at the 50% interval ([Fig 3C](#pone.0156817.g003){ref-type="fig"}). The pooled NOA group (n = 16) did not show significantly altered crossover distributions on any of the chromosomes studied (P \> 0.05, χ^2^ test).

Distribution of crossovers in OA men {#sec010}
------------------------------------

Nine of the 21 OA men displayed altered crossover distributions on at least one of the chromosome arms studied compared to the control group (P \< 0.05, χ^2^ test, [Fig 4](#pone.0156817.g004){ref-type="fig"}). Three of these men displayed altered crossover distributions on 21q with single crossovers ([Fig 4](#pone.0156817.g004){ref-type="fig"}). OA24 displayed an increase in crossovers near the centromere ([Fig 4A](#pone.0156817.g004){ref-type="fig"}), while OA31 displayed a decrease in crossovers near the subtelomere ([Fig 4B](#pone.0156817.g004){ref-type="fig"}). OA9 showed a decrease in crossovers near the centromere ([Fig 4C](#pone.0156817.g004){ref-type="fig"}). As for 13q with double crossovers, only OA35 displayed an altered crossover distribution (P \< 0.05, χ^2^ test), where there was an increase in crossovers near the telomere at the 90% interval ([Fig 4D](#pone.0156817.g004){ref-type="fig"}).

Compared to the control group, five OA men displayed altered crossover distributions on either arms of chromosome 18 with double crossovers ([Fig 4E--4J](#pone.0156817.g004){ref-type="fig"}). Three men displayed an increase in crossovers near the centromere ([Fig 4E--4G](#pone.0156817.g004){ref-type="fig"}). Two men displayed an increase in crossovers near telomeres ([Fig 4F and 4H](#pone.0156817.g004){ref-type="fig"}). Two men showed a decrease in crossovers near subtelomeres ([Fig 4G and 4H](#pone.0156817.g004){ref-type="fig"}). OA33 showed a decrease in crossovers near the middle of 18q at the 60% interval ([Fig 4I](#pone.0156817.g004){ref-type="fig"}). The pooled OA group (n = 21) displayed an altered crossover distribution (P \< 0.05, χ^2^ test) with a decrease in crossovers near subtelomeres on 18p and 18q ([Fig 4J](#pone.0156817.g004){ref-type="fig"}).

Crossover distance to telomere {#sec011}
------------------------------

On 21q, the NOA group displayed an increased average distance between crossover and telomere compared to controls, measured as a percentage of the total SC length (50.4%±4.7 vs. 38.8%±4.5, P \< 0.05, Mann-Whitney test, [Fig 5A](#pone.0156817.g005){ref-type="fig"}). The OA group did not show any significance in this aspect compared to the control group ([Fig 5A](#pone.0156817.g005){ref-type="fig"}). Regarding chromosome 18, neither the NOA nor OA group showed a significant difference in mean crossover distance to telomere on 18p when compared to controls ([Fig 5B](#pone.0156817.g005){ref-type="fig"}). Nevertheless, the OA group showed an increased average crossover distance to telomere compared to controls on 18q (59.4%±7.2 vs. 40.5%±5.7, P \< 0.05, Mann-Whitney test, [Fig 5B](#pone.0156817.g005){ref-type="fig"}). However, the NOA group did not show such significance compared to controls ([Fig 5B](#pone.0156817.g005){ref-type="fig"}). Neither the NOA nor OA group showed significantly different average distances between crossover and telomere on 13q compared to controls (P \> 0.05, Mann-Whitney test).

![Average crossover distance to telomere (±SD) on chromosomes 18 and 21 in infertile and control men.\
The absolute distance between crossover and telomere was divided by the total SC arm length in order to express the distance as a percentage. The Y-axis represents the mean distance between crossovers to the telomeres on the chromosome arms 18q-arm, 18p-arm and 21q-arm. The black bars indicate the control group, the gray bars indicate the OA group and the white bars indicate the NOA group. The average distances between crossovers to telomeres were compared to the control group and significant differences are indicated by asterisks (P \< 0.05, Mann-Whitney test).](pone.0156817.g005){#pone.0156817.g005}

Crossover frequency in relation to crossover distribution {#sec012}
---------------------------------------------------------

We observed two infertile men (NOA4 and OA35) with normal global and chromosome-specific recombination, who nevertheless displayed altered crossover distributions (Figs [3F](#pone.0156817.g003){ref-type="fig"} and [4D](#pone.0156817.g004){ref-type="fig"}). Six of the nine OA men with altered crossover distributions had either reduced global or chromosome-specific recombination rates. Only two OA men displayed altered crossover frequencies and distributions on the same chromosome. On the other hand, five of the eight NOA men with altered crossover distributions displayed reduced crossover frequencies on the same chromosome, as well as reduced global recombination rates.

Discussion {#sec013}
==========

In a preliminary study, we analyzed the crossover frequency and distribution on chromosomes 13, 18 and 21 in six NOA and four OA men \[[@pone.0156817.ref005]\]. With a larger sample size, our present study further investigates the crossover distributions of individual infertile men, as well as pooled NOA and OA groups. Moreover, we report the first study to examine the average distance from crossovers to telomeres on chromosomes 13, 18 and 21, with aims of identifying a shift in crossovers in infertile men. Our data concludes that infertile men may display alterations in the distribution of crossovers, where an increase in crossovers near the centromere and telomere, and decrease in crossovers near the subtelomere was observed. Furthermore, there may be inherently different risks for NOA and OA men for possessing alterations in either the frequency of crossovers, distribution of crossovers, or both, likely due to distinct underlying mechanisms.

Increased crossovers near centromeres and telomeres in infertile men {#sec014}
--------------------------------------------------------------------

In normal males, the distal regions of the chromosomes are largely composed of euchromatin and much more susceptible to recombination than the heterochromatin rich regions near the centromeres \[[@pone.0156817.ref002]\]. Analysis of DSBs in *Saccharomyces cerevisiae* revealed significant DSB formation near the centromeres, but an inhibition of crossover formation during DSB repair \[[@pone.0156817.ref029]\]. The inhibitory mechanism near the centromeres help ensure faithfulness during meiosis, where crossovers at these regions may lead to precocious sister chromatid segregation at meiosis II due to interference with centromeric cohesins \[[@pone.0156817.ref028],[@pone.0156817.ref029]\]. In our study, the distribution of crossovers was altered in 7 NOA and 9 OA men when compared to the control group. Out of these 16 infertile men, five men displayed an increase in crossover formation near centromeres on one of the chromosomes studied. Although this shift of crossovers toward the centromere was previously observed in three infertile men \[[@pone.0156817.ref005],[@pone.0156817.ref011]\], this is the first report in a group of NOA and OA men. Interestingly, we observed a shift of crossovers toward the centromere on 21q in two infertile men (NOA24 and OA24). Previously, human oocytes with increased frequencies of crossovers near the centromere on 21q have been implicated in maternally-derived trisomy 21 (Down syndrome) \[[@pone.0156817.ref032]\]. Our observation in spermatocytes may follow a similar pattern, where sperm from some infertile men may introduce an elevated risk of paternally-derived trisomy 21. Although altered crossover distribution as a risk factor for paternally derived trisomy 21 has not been extensively studied, Oliver *et al*. found weak evidence that an increase in crossovers near the centromere may play a role in paternal chromosome 21 nondisjunction \[[@pone.0156817.ref033]\].

Crossovers are also suppressed near the vicinity of the telomeres, possibly to prevent damage to the repetitive DNA \[[@pone.0156817.ref029]\]. Of the 16 infertile men with altered crossover distributions, five men displayed increased crossover formation near telomeres on one of the chromosomes studied. In *S*. *cerevisiae*, crossovers in this region may migrate to the ends of the chromosomes, disrupting the microtubule tension and lead to premature sister chromatid separation \[[@pone.0156817.ref034],[@pone.0156817.ref035]\]. Potentially, an increase in crossovers near the centromeric or telomeric regions may disrupt the segregation of chromosomes and play a role in the production of aneuploid sperm in infertile men. Yet, this mechanism may be chromosome-specific as we only observed one infertile man with an altered crossover distribution on chromosome 13. In fact, the control group displayed a different pattern of crossover distribution on chromosome 13 compared to 18 and 21, where crossovers were most frequent at the centromere and telomere. It remains unclear whether chromosomes with a strong inhibition of crossovers at the centromere and telomeres are more prone to disruptions in crossover distribution in infertile men.

There has been evidence to suggest that discontinuities in the synapsis of homologous chromosomes may affect the crossover landscape in human males \[[@pone.0156817.ref036], [@pone.0156817.ref037]\]. In our study, four out of the seven NOA men, and five out of the nine OA men who showed altered crossover distributions also displayed increased rates of synaptic defects compared to controls. Although Sun *et al*. (2005) demonstrated that synaptic errors may have a *cis* effect on crossover distribution \[[@pone.0156817.ref036]\], this is unlikely to have influenced the altered crossover distributions seen in this study as we observed extremely low levels of unsynapsis on chromosomes 13, 18 and 21. However, it is possible that the synaptic errors in the infertile men had a *trans* effect on crossover patterns, similar to findings of a previous study \[[@pone.0156817.ref037]\].

Increased crossover distance to telomeres in infertile men {#sec015}
----------------------------------------------------------

In recent years, studies have shed light on the importance of telomeres in meiotic recombination. Telomere-guided mechanisms ensure sufficient DSB formation near the subtelomeres of the chromosomes in *S*. *cerevisiae* \[[@pone.0156817.ref029],[@pone.0156817.ref038]\]. In normal males, increases in DSB activity and crossover formation have been observed near the subtelomeres compared to the rest of the chromosomes \[[@pone.0156817.ref002]\]. Our study demonstrated a decrease in crossover formation near subtelomeres in six of the 16 infertile men with altered crossover distributions. Moreover, the OA men as a group showed an altered crossover distribution with decreased crossover formation near subtelomeres on chromosome 18. Taking into account the average crossover distance to telomeres, the NOA and OA groups displayed increased distances on 21q and 18q respectively. These results may suggest a link between altered crossover distribution and compromised telomeres in infertile men, where this population shows reduced telomere length and impaired telomere integrity \[[@pone.0156817.ref014],[@pone.0156817.ref039]\]. The copy number of telomeric or subtelomeric repeats could lead to changes in crossover positions \[[@pone.0156817.ref039]\]. Moreover, an absence of telomere-associated proteins that function in synapsis and DSB repair could reduce recombination rates \[[@pone.0156817.ref001],[@pone.0156817.ref040]--[@pone.0156817.ref042]\]. Curiously, the NOA and OA groups did not show reduced crossover frequencies on the chromosomes with altered crossover distributions. This trend has been shown in *S*. *cerevisiae*, where the deletion of a telomere-associated protein, Tam1/Ndj1, altered the distribution, but not frequency of crossovers \[[@pone.0156817.ref043]\]. Tam1/Ndj1 mutants also displayed an increase in MI and MII nondisjunction, demonstrating the possible effect of impaired telomeres on aneuploidy \[[@pone.0156817.ref043]\]. Although there are limited studies on telomeric proteins in infertile men, a recent study reported an association between compromised telomere-associated proteins with reduced recombination \[[@pone.0156817.ref039]\].

Altered crossover frequency and distribution in NOA and OA men {#sec016}
--------------------------------------------------------------

Our results provide further evidence that both NOA and OA men may have meiotic defects that affect the crossover positions but not frequencies \[[@pone.0156817.ref005],[@pone.0156817.ref011]\]. Nonetheless, the degree of meiotic defects in NOA and OA men may be different, as the two types of severe infertility have distinct origins. NOA cases display impaired spermatogenesis in the testes, where a high degree of maturation arrest leads to the absence of sperm in the ejaculate. Although OA cases also lack sperm in the ejaculate, the phenotype is due to obstructions in the reproductive tract. From our data, two of the nine OA men, and five of the seven NOA men with altered crossover distributions showed altered crossover distribution and frequencies on the same chromosome. It seems that despite normal spermatogenesis, OA men may nevertheless possess meiotic defects in terms of crossover number and position. However, NOA men may be at a higher risk of having both alterations in the frequency and position of crossovers. Our findings align with previous data that suggested higher incidences of aneuploid sperm in NOA men compared to OA men \[[@pone.0156817.ref006],[@pone.0156817.ref008]\]. Altered crossover frequency and distribution may have negative synergistic effects on chromosome segregation, leading to sperm with abnormal chromosome counts. Aside from the differing severity of meiotic defects seen in OA and NOA men, different mechanisms may be at play. Extended obstruction of the reproductive tract in OA cases may cause perturbations in the epigenetic regulation of DSB formation. Indeed, abnormal DNA methylation has been reported in the testicular tissues of OA men \[[@pone.0156817.ref044],[@pone.0156817.ref045]\]. Future research on the epigenetic events associated with recombination, such as the trimethylation of histone H3 on lysine 4 (H3K4me3), and their correlation with crossover positions in OA men may elucidate the mechanisms behind the phenomenon \[[@pone.0156817.ref002],[@pone.0156817.ref046]\]. Alternatively, meiotic defects in NOA cases may be due to genetic factors associated with impaired spermatogenesis. Mouse studies have shown that mutations in meiosis-specific genes such as *SCP3* and *MRE11*, which functions in DNA repair, may alter crossover distributions \[[@pone.0156817.ref047]\]. Variations in centromeric heterochromatin can also inhibit or promote crossovers, possibly resulting in the shift in crossovers toward the centromere \[[@pone.0156817.ref048]\]. Studies on azoospermic men have also identified mutations in *TEX11* and *TEX15*, which are genes shown to regulate recombination in mice \[[@pone.0156817.ref049]--[@pone.0156817.ref052]\]. Future work on the array of genes involved in synapsis and recombination may be useful for identifying the causes of the meiotic defects seen in the NOA population.

Overall, our results are in agreement with our previous findings, indicating that infertile men may possess meiotic defects that affect the frequency and distribution of crossovers. We confirmed several aberrant trends of crossover distribution in infertile men, such as the increased occurrence of crossovers near the centromere and telomeres, which may facilitate errors in chromosome segregation. On the other hand, small levels of variation in crossover distribution, as well as increases in crossovers near the middle of chromosome arms may not have repercussions on chromosome separation. Moving forward, we plan to investigate the relationship between crossover distribution and sperm aneuploidy in hopes of elucidating whether spermatocytes with abnormal crossover localization are arrested at meiotic checkpoints, or progress through meiosis, potentially giving rise to aneuploid sperm. Perhaps, substantial disturbances in the crossover landscape may be needed for detection by meiotic checkpoints, while smaller disparities in the crossover distribution may go unnoticed. In this case, it will also be interesting to correlate the severity of alteration in crossover distribution to the level of spermatogenic arrest, in addition to sperm aneuploidy in infertile men. Our study also provides valuable insight for future directions on the role of telomeres in crossover distribution, particularly the establishment of crossovers in subtelomeres. Finally, it is wise to consider the large variation in male infertility cases, where our sample size, although large, does not represent a homogenous group. For example, polymorphisms in *PRDM9*, which is an important determinant of recombination hotspots, have been shown to alter the crossover landscape \[[@pone.0156817.ref053]--[@pone.0156817.ref055]\]. Future work will employ genotyping techniques in order to identify which infertile sub-population may be most at risk of meiotic defects that contribute to adverse sperm outcome, and thus would benefit from genetic counselling prior to ICSI.
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